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Tato práce je věnována použití borem dopované diamantové (BDD) elektrody pro 
voltametrické a amperometrické stanovení vybraných nitrofenolů – 2-nitrofenolu (2NP),  
4-nitrofenolu (4NP) a 2,4-dinitrofenolu (2,4DNP). Tyto látky jsou vedeny v seznamu United 
States Environmental Protection Agency (US EPA) jako významné polutanty, neboť mají 
negativní vliv na organismy. V zemědělství jsou používány jako hnojiva – stimulátory růstu. 
BDD elektrody jsou používány pro stanovení širokého spektra jak oxidovatelných, tak 
redukovatelných látek, a pro svoji dostupnost a vynikající mechanické a elektrochemické 
vlastnosti se staly populárním elektrodovým materiálem. 
Pro stanovení nitrofenolů byla použita diferenční pulsní voltametrie, a to s použitím 
jak redukce (pro 2NP, 4NP a 2,4DNP), tak i oxidace (pro 4NP a 2,4DNP). Metoda byla 
úspěšně aplikována pro stanovení těchto látek v pitné a říční vodě v koncentračním rozsahu 
od 4×10–7 do 2×10–5 mol.L–1. Po použití prekoncentrace pomocí extrakce tuhou fází ze 100 ml 
a z 1000 ml vzorků vody bylo dosaženo meze stanovitelnosti pro tyto látky 2×10–8 mol.L–1 
(vzorky pitné vody) a 2×10–7 mol.L–1 (vzorky říční vody). 
Pro stanovení nitrofenolů byla BDD elektroda úspěšně použita také jako 
amperometrický detektor ve wall-jet uspořádání pro vysokoúčinnou kapalinovou 
chromatografii (HPLC) za pomocí jak elektrochemické redukce, tak oxidace. Optimální 
podmínky pro separaci na koloně C18 s převrácenými fázemi (125×4 mm, 5 μm) 
a amperometrickou detekci v katodické oblasti jsou: mobilní fáze 0.05 mol.L−1 acetátový pufr 
pH 4.7/methanol (58/42, v/v) a detekční potenciál –1.2 V, v anodické oblasti mobilní fáze 
0.05 mol.L−1 fosfátový pufr pH 6.75/methanol (65/35, v/v), detekční potenciál +1.3 V. Obě 
metody byly úspěšně použity pro analýzu modelových vzorků pitné a říční vody po jejich 
přímém dávkování do systému HPLC s amperometrickým wall-jet detektorem 
v koncentračním rozsahu od 2×10−6 do 1×10−4 mol.L−1. Pro obě metody bylo dosaženo 
srovnatelných hodnot citlivosti i mezí detekce. 
Dosažené výsledky potvrzují, že jak voltametrie, tak HPLC s elektrochemickou 
detekcí s BDD elektrodou bez úpravy jejího povrchu patří mezi spolehlivé a citlivé analytické 
metody pro stanovení nitrofenolů, neboť dosažené limity detekce jsou srovnatelné s limity 





Presented Ph.D. Thesis is focused on the use of the boron-doped diamond (BDD) 
electrodes for voltammetric and amperometric determination of selected nitrophenols:  
2-nitrophenol (2NP), 4-nitrophenol (4NP), and 2,4-dinitrophenol (2,4DNP). These 
compounds are listed as “priority pollutants” by United States Environmental Protection 
Agency (US EPA) due to their negative impact on living organisms and are mainly used in 
agriculture as plant growth stimulators. BDD electrodes are used for determination of wide 
range of electrochemically both reducible and oxidisable organic compounds and have 
become a popular electrode material thanks to its commercial availability and excellent 
mechanical and electrochemical properties.  
A differential pulse voltammetric method was developed for the determination of 2NP, 
4NP and 2,4DNP at a BDD film electrode using electrochemical reduction and of 4NP and 
2,4DNP using electrochemical oxidation. The method was successfully applied for the direct 
determination of these compounds in drinking and river water in the concentration range from 
4×10–7 to 2×10–5 mol.L–1. To improve the limit of quantification, a preconcentration by solid 
phase extraction from 100 mL (drinking and river water) and 1000 mL (drinking water) of 
water samples was used with limit of determination around 2×10–8 and 2×10–7 mol.L–1, 
respectively. 
The possibility to employ BDD film electrodes for amperometric detection in wall-jet 
arrangement in High-performance liquid chromatography (HPLC) was verified by 
determination of these nitrophenols based on both, electrochemical reduction and oxidation. 
Optimal conditions for separation at C18 reverse phase column (125×4 mm, 5 μm) and 
amperometric detection are as follows: for cathodic detection mobile phase 0.05 mol.L−1 
acetate buffer pH 4.7/methanol (58/42, v/v), detection potential –1.2 V; for anodic detection 
mobile phase 0.05 mol.L−1 phosphate buffer pH 6.75/methanol (65/35, v/v), detection 
potential +1.3 V. The applicability of the developed methods was demonstrated on the 
analysis of the model drinking and river water samples using their direct injection in the 
HPLC-ED setup in the concentration range from 2×10−6 to 1×10−4 mol.L−1. Comparable 
sensitivities and limits of detection were achieved for both detection modes.  
The obtained results confirm that both batch voltammetry and  
HPLC with electrochemical detection with unmodified BDD electrode represent reliable and 
sensitive analytical techniques for determination of nitrophenols with limits of detection 
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AA ascorbic acid 
AdSV adsorptive stripping voltammetry 
AgSAE silver solid amalgam electrode 
BDD boron-doped diamond 
BR Britton-Robinson 
CE capillary electrophoretic 
CZE capillary zone electrophoresis 
CV cyclic voltammetry 
CVD chemical vapour deposition 
CVs cyclic voltammograms 
DA dopamine 
DPV differential pulse voltammetry 
ED electrochemical detection 
FIA flow injection analysis 
FIA-ED flow injection analysis with electrochemical detection 
GCE glassy carbon electrode 
GC/FID gas chromatography with flame ionization detector 
GC/MS gas chromatography with mass spectrometric detection 
H-BDD hydrogen-terminated boron-doped diamond 
HF CVD hot filament chemical vapour deposition 
HPLC high-performance liquid chromatography 
HPLC-ED high-performance liquid chromatography with electrochemical detection 
LOD limit of detection 
LODs limits of detection 
LOQ limit of quantification 
LOQs limits of quantification 
MEA microelectrode arrays 
MIP molecularly imprinted polymer 
MP CVD microwave plasma assisted chemical vapour deposition 
NPs nitrophenols 
O-BDD oxygen-terminated boron-doped diamond 
RSD relative standard deviation 
SPE solid phase extraction 
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US EPA United States Environmental Protection Agency 
 
 





This PhD Thesis has been submitted as a contribution to the ever growing efforts of 
environmental analysis. It was elaborated under the framework of a long-term research at 
UNESCO Laboratory of Environmental Electrochemistry in Prague to develop highly 
sensitive and selective analytical methods and sensors applicable for determination of 
biologically active organic compounds significant in environmental protection, medicine, 
pharmacy and/or toxicology. The presented PhD Thesis is based on the following five 
scientific publications 1-5, which are attached as Appendix parts I–V. To distinguish 
the references referring to these publications in entire text of this Thesis, 
corresponding numbers are in bold and underlined. 
 
1. Musilova, J.; Barek, J.; Peckova, K., The use of boron-doped diamond film 
electrodes for detection of organic compounds (Použití diamantových filmových 
elektrod dopovaných borem pro stanovení organických látek). Chemicke Listy 
2009, 103, (6), 469-478. 
 
2. Peckova, K.; Musilova, J.; Barek, J., Boron-doped diamond film electrodes – New 
 tool for voltammetric determination of organic substances. Critical Reviews in 
 Analytical Chemistry 2009, 39, (3), 148-172. 
 
3. Musilova, J.; Barek, J.; Drasar, P.; Peckova, K., Differential pulse voltammetry of 
 selected nitrophenols on boron-doped diamond film electrode. In Sensing in 
 Electroanalysis, Vytřas, K.; Kalcher, K.; Švancara, I., Eds.University of Pardubice: 
 Pardubice, 2009; Vol. 4, pp 135-142. 
 
4. Musilova, J.; Barek, J.; Peckova, K., Determination of nitrophenols in drinking and 
river water by differential pulse voltammetry at boron-doped diamond film 
electrode. Electroanalysis 2011, 23, (5), 1236-1244. 
 
5. Karaova, J.; Schwarzova-Peckova, K.; Barek, J., The Use of Boron-Doped 
Diamond Film Electrode for the Determination of Selected Nitrophenols by HPLC 
with Amperometric Detection. Analytical Letters 2016, 49, (1), 66-79. 
 
The still-growing world population puts major demands on food production and its 
availability which leads to the use of higher amounts of agrochemicals. That causes 
negative impact on the environment and further degradation of food and water quality. 
Therefore, one of the serious problems of the modern world remains the pollution of the 
environment by undesirable chemical compounds. Electrochemical techniques may play in 
this context the role of sensitive and in some cases reasonably selective tool for analysis of 
environmental matrices.  
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Electroanalytical methods have become nowadays more attractive, thanks to 
advantages such as low investment and running costs, short time of analysis, possible 
miniaturization and mobility, simple handling and sufficient sensitivity and selectivity. The 
miniaturization plays a very important role in the field of analytical and bioanalytical 
chemistry. Most of the fabricated microelectrodes are used for end-column amperometric 
detection in flow injection analysis (FIA), high-performance liquid chromatography 
(HPLC) capillary zone electrophoresis (CZE), microchips, or for in vitro / in vivo detection 
of biogenic compounds. The electrochemical sensors and detectors are unique in 
comparison with frequently bulky and expensive instrumentation of spectrometric and 
separation techniques. Development and testing of new suitable electrode materials, 
possibility of their mechanical and/or chemical modifications, and detection arrangements 
are one of the major research pathways in modern electroanalysis.  
. 
Presented PhD Thesis is focused on the use of the boron-doped diamond 
(BDD) electrodes for voltammetric and amperometric determination of selected 
environmental organic pollutants: 2-nitrophenol (2NP), 4-nitrophenol (4NP), and 2,4-
dinitrophenol (2,4DNP). These compounds are listed as “priority pollutants” by United 
States Environmental Protection Agency (US EPA) 6 and mainly used in agriculture as 
plant growth stimulators 7. BDD electrodes are used for determination of wide range of 
electrochemically both reducible and oxidisable organic compounds (see in chapter 2.2) 
and have become a popular electrode material thanks to its commercial availability and 
excellent mechanical and electrochemical properties 2, 8. Furthermore, BDD electrodes may 
be advantageously utilized in amperometric detection in liquid-flow systems 9 (see in 
chapter 2.3). 
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2. BORON-DOPED DIAMOND ELECTRODES 
 
2.1. Preparation and Characterization of Boron-Doped Diamond Thin 
Film Electrodes  
In recent years, BDD has become a popular electrode material thanks to its 
commercial availability and excellent mechanical and electrochemical properties 1-2, 8, 10-12. 
The properties of BDD films are influenced by the quantity and kind of the doping agent, 
morphologic factors and defects in the film, crystallographic orientation, presence of 
impurities (sp2 carbon), and surface termination (most frequently hydrogen or oxygen).   
The preparation of doped diamond films relies on energy-assisted chemical vapour 
deposition (CVD) methods, when a hydrocarbon gas (typically methane) in hydrogen is 
energetically activated to decompose the molecules into methyl-radicals and atomic 
hydrogen and deposited on a suitable substrate. The gas activation is accomplished using 
hot filament (HF CVD) or microwave plasma assisted CVD (MP CVD). The boron doping 
agent is most frequently added as small amounts of diborane or trimethyl boron in the gas 
phase. The material must contain enough boron for the electrode to show metal-like 
conductivity; electrical measurements demonstrate that this is achieved at 
[B] > 1020 B atoms cm−3 (ref.13). Typical growth conditions are 0.3–1.0 % CH4 in H2, 
pressures of 10–150 torr, substrate temperatures of 700–1000 °C, and microwave powers 
of  
1000–1300 W, or filament temperatures up to ~ 2800 °C. The film grows by nucleation at 
rates in the 0.1–2 m h–1 range to thickness at least ~1 m. The resulting films differ in 
morphology (microcrystalline films are characterized by crystallite size ˂ 1–5 m, 
nanocrystalline films have crystallite size 10–500 nm) and quality. 
The as-deposited diamond surface is hydrogen (H-) terminated (as-grown), because 
the films are grown under a hydrogen plasma or in a hydrogen atmosphere. During the  
H-termination, a bond between the hydrogen and carbon atoms is formed at the diamond 
surface. Due to the positive charge of such a layer, positively charged substances are 
repelled and negatively charged are attracted to the diamond surface and the surface is 
hydrophobic. H-termination causes a semiconducting BDD electrode to behave metal-like 
due to the additional surface conductivity hydrogen termination brings 13. 
In contrast to the H-termination, by the oxygen (O-) termination a layer of oxygen 
atoms is formed. The oxygen atoms bond with the carbon atoms in the form of carbonyl, 
Chapter II                                                                         Boron-Doped Diamond Electrodes 
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ether, hydroxyl and carboxylic groups, that are negatively charged and thus attractive for 
positively and repulsive for negatively charged substances 14. O-terminated BDD (O-BDD) 
is hydrophilic and does not possess a measurable surface conductivity 13. Therefore, the 
change of the chemical termination from H-terminated to the O-terminated surface affects 
the electrochemical properties of the diamond electrode. 
At the beginnings many studies were presented to be performed at H-terminated 
BDD (H-BDD) surfaces, but the maintenance of H-termination is complicated due to the 
easiness of electrochemical oxidation and even oxidation of BDD surface by air oxygen 13. 
The re-hydrogenation of an oxidized BDD surface is achievable only by hydrogen-flame 
annealing or hydrogen-plasma treatment, which requires adequate equipment. Alternative 
method of rehydrogenation is cathodic pre-treatment at potentials leading to hydrogen 
evolution on the BDD surface 15. It can be presumed that many of the early studies 
performed using supposedly H-terminated surfaces were in fact conducted at oxidized 
BDD surfaces 13.  
The effects of both surface terminations on the shape of the cyclic voltammograms 
(CVs) of dopamine (DA) and ascorbic acid (AA) at BDD nanoelectrode arrays have been 
investigated in ref. 14. To improve the peak separation between DA and AA, differential 
pulse voltammetry (DPV) was employed. DA detection at O-BDD surfaces provides 
a signal widely independent of AA. For low-level dopamine measurements, the presence of 
AA is even beneficial. The much higher current density for DA can be attributed to the 
well-known enhancement of the electrochemical response for DA in the presence of AA 
due to the regeneration of DA by reaction with AA. The positive shift of the AA oxidation 
signal relative to DA oxidation signal on the O-BDD nanoelectrode arrays can additionally 
promote this effect, as the major part of AA still exists in its reduced form at a potential 
when DA is already oxidized.  
The O-terminated surface can be formed by exposing the surface to oxygen plasma, 
boiling in strong acid or electrochemical exposure to the high anodic potential in the region 
of water decomposition. At BDD electrode, water decomposes according to the following 
equation (Eq. 1):  
H2O (BDD) →HO•(BDD) + H+ + e-    (Eq. 1) 
The formation of OH• radicals causes oxidation and stabilization of the electrode 
surface with the prevalence of the carbonyl, hydroxo, and carboxylic groups 16. The 
OH• radicals are confined to the BDD surface and as powerful oxidizing agents are capable 
of oxidation of a wide range of compounds, non-oxidizable at other electrode materials. 
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Reaction (Eq. 1) is enabled by the high oxygen overvoltage at BDD surface. The water 
decomposition reaction is extremely important for the applications of BDD electrodes. 
BDD materials produced in research laboratories are gradually substituted by 
available materials from commercially suppliers – Element Six (UK) 17, Windsor Scientific 
(UK) 18, NeoCoat (formerly Adamant Technologies, Switzerland) 19, Condias (Germany) 
20, sp3 Diamond Technologies (USA) 21, and ESA Biosciences (USA) 22. The analytical 
techniques routinely used to characterize the morphological, optical, chemical and 
electronic properties of diamond thin films, include Raman, Auger electron and X-ray 
photoelectron spectroscopies, scanning electron micrography, scanning tunnelling and 
force microscopies, powder X-ray diffraction analysis, and secondary ion mass 
spectrometry 23. 
In the publications presented in this Ph.D. Thesis 3-5, the commercial Windsor 
Scientific BDD electrode was used (see in Figure 1A) for voltammetric methods and also 
as working electrode in the amperometric wall-jet detector (see in Figure 1B) for HPLC 
with electrochemical detection (ED) 5. 
 
2.2 Applications and Properties of Boron-Doped Diamond Film 
Electrodes  
There are the following main application fields of BDD electrodes 8: (i) 
electrochemical oxidation of organic and inorganic species at BDD anodes for their 
quantitative conversion or destruction in wastewaters (reviewed in 24-26), (ii) 
electrochemical disinfection of drinking and bathing water 27-28, (iii) electrochemical 
synthesis, in particular inorganic electrosynthesis of strong oxidizing agents and further 
electroorganic synthesis 29-30, (iv) technical galvanic applications such as lead free 
chroming 31, and, finally, (v) the use of BDD electrodes in electroanalysis as simple 
electrochemical sensors employed in voltammetric methods or coupled to liquid flow 
methods (HPLC, FIA, CZE) for detection of organic and inorganic species, or specialized 
selective applications of BDD-based bioelectrochemical sensors (introduced in 
chapter 2.3). 
For voltammetric techniques a low and stable background current over a wide 
potential range, microstructural stability at extreme cathodic and anodic potentials, extreme 
electrochemical stability in both alkaline and acidic media, good responsiveness for many 
redox analytes without pre-treatment, and resistance to electrode fouling are the most 
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important advantages. The mechanical durability substantiates the popularity of BDD film 
electrodes in liquid flow methods including FIA and HPLC with electrochemical detection. 
Because of the wide potential window in both cathodic and anodic region, BDD film 
electrodes can be used to determine a wide variety of inorganic and organic compounds 
(such as drugs, pesticides, environmental pollutants, and other biologically active 
compounds) using electrochemical reduction and/or oxidation. The possibility of 
miniaturization of BDD electrodes and modification of the BDD surface opened research 
fields for detection in capillary electrophoretic (CE) techniques including electrophoretic 
microchips and other liquid flow systems, and further for in vivo / in vitro detection of 













Figure 1 (A) BDD electrode, Windsor Scientific, UK, BDD electrode in PEEK body, 
3 mm diameter, flat bottom part, boron doping level 0.1 %, resistivity 0.075  cm. (B) 
Scheme of amperometric wall-jet detector.: Ag/AgCl reference electrode (1); platinum 
wire auxiliary electrode (2), BDD working electrode (3); outlet – overflow (4), overflow 
whole-glass vessel (5), mobile phase (6), inlet Teflon tubing connected to FIA and/or 
HPLC output (7), adapted from 5. 
 
2.3 Boron-Doped Diamond Film Electrodes in Organic Electroanalysis 
An overview of organic analytes determined by means of BDD electrodes is 
available in our recent reviews 1-2, 11, 33. The review 1 summarizes the use of BDD film 
electrodes in electroanalysis of organic compounds and obtained analytical figures of 
A B 
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merits since the beginnings in 1997 to 2007. The review 2 provides a critical overview on 
the development in the field of organic analytes, based on the summary, which 
characterizes selected studies devoted to particular organic analytes since the beginnings in 
1997 to 2008. Furthermore, an outlook in current trends in research using BDD-based 
sensors including their modification and miniaturization is given. In the overview 11, 
progress since 2008 to 2013 in the development and applications of bare BDD electrodes 
in voltammetry of organic compounds is summarized. Attention is paid to important issues 
reflected in electroanalytical studies, e.g. fouling and pre-treatment of BDD surface, 
influence of boron doping level on performance of BDD-based sensors, and application of 
adsorptive stripping voltammetry. The review 33 is devoted to detection of aromatic 
hydrocarbons and their derivatives using either BDD film electrodes or carbon paste 
electrodes, popular sensors in environmental detection. 
BDD electrodes are used for the determination of wide range of electrochemically 
both reducible and oxidisable organic compounds. As seen in the table 2.1, that brings an 
overview of selected applications of BDD-based sensors in organic analysis since 2009 to 
2017, prevalence of oxidisable analytes is remarkable. 
Organic compounds can be oxidised on BDD electrodes directly by electron transfer 
from BDD surface to a compound, or indirectly by oxidising entities, e.g. hydroxyl 
radicals, generated on electrode surface by reaction given in Eq. 1.  
Reducible compounds are in minority, most of the described methods rely on the 
reduction of the nitro group at the aromatic skeleton. Methods based on reductive 
determinations benefit from the low sensitivity of BDD surface to dissolved oxygen 4-5, 34, 
however, they are still not that frequent. Despite the fact that BDD is less sensitive to 
oxygen reduction than other electrode materials, its presence in HPLC-ED or FIA-ED 
setups causes increase in the background current and also limits the useful working 
electrode potential window for amperometric determination of reducible organic 
analytes 35-37.  
Initially, BDD electrodes have been considered as resistant to fouling due to the 
paraffin-like, hydrogen terminated surface 38. Nevertheless, it has been proven that this is 
not a general rule and a lot of studies demonstrated fouling problems. Aromatic  
amines 39-41 and phenolic compounds 4 can cause BDD passivation, because both 
compounds produce reactive radicals (phenoxy radicals or amino cation radicals) capable 
of further dimerization and polymerization on the electrode surface. Formation of 
polymeric film on the electrode surface causes rapid deactivation of electrode by blocking 
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electron transfer and slowing down further oxidation. The chemical and electrochemical 
properties of diamond electrodes were found to be strongly influenced by the surface 
treatment 16. Electrochemical pre-treatment can be applied for conditioning of the electrode 
surface, enhancement of the voltammetric signals, preventing the passivation of electrode 
surface, and ensuring of repeatable and reproducible response of particular analytes. 
The basic way for conditioning of the electrode surface is its electrochemical anodic 
oxidation (~ ˂ +2.0 V) for few minutes in the region of water decomposition (Eq. 1), 
leading to O-terminated BDD surface 42-45. This pre-treatment can be performed as the 
long-lasting activation or before each scan. An alternative method to obtain O-BDD 
surface is repeated application of short potential pulses close or in the onset of the 
decomposition of supporting electrolyte curve 46-48.  
The cathodic pre-treatment (~ ˂ –2.0 V), leading to H-terminated BDD surface, has 
to be applied just before the electrochemical experiments to ensure reliable and 
reproducible results, especially when the electrode has not been used for a long period of 
time due to its instability in air 49. It caused enhanced electrochemical activity – faster 
electron transfer for [Fe(CN)6]4−/3−, signal increase and improved repeatability. The 
importance of cathodic pre-treatment was investigated for the detection of selected 
chlorophenols 50, estriol 51 or butylated hydroxyanisole 52.  
A mixed-mode of surface activation includes application of cyclic voltammetry (CV) 
in acidic media to the onset of decomposition on supporting electrolyte curve 4-5, 53-59 that is 
recommended by commercial suppliers of BDD electrodes and can also lead to 
stabilization of their electrochemical response. 
Further, the combination of more types of pre-treatment is used (both anodic and 
cathodic 34, 46, 60-72, long-lasting activation before the electrochemical experiments with 
another activation before each scan 44, 51, anodic and/or cathodic pre-treatment coupled 
with CV 67, see examples in table 2.1 in the column BDD electrode, pre-treatment). 
Bare BDD surfaces have been considered as relatively inert to the adsorption for 
organic compounds; however, studies using anodic adsorptive stripping voltammetry 
(AdSV) for oxidisable compounds have been reported. Major advantages of the AdSV, 
where the analyte is partly deposited on the working electrode by various mechanism (e.g. 
adsorption, extraction, chemical binding) include low detection limits coupled with good 
selectivity and reproducibility due to the in situ pre-concentration step. An electrode 
material is needed providing not only good adsorption of the analyte but also a stable and 
reproducible electrode surface, which is a property of BDD films. Methods based on AdSV 
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on these films include utilization of the adsorption of the analyte itself 44-45, 73-74 or the 
adsorption of surfactants interacting with organic analytes on the BDD surface 47, 61, 70-72, 75. 
Surfactants are usually linear molecules with a hydrophilic head and a hydrophobic 
end and are often used as selective masking agents to improve selectivity and sensitivity of 
electrochemical analysis and they also play a very important role in the electrode reaction, 
not only by solubilizing the organic compounds but also by providing specific orientation 
of the molecules on the electrode interface. Adsorption of surfactants on electrodes and 
solubilisation of electrochemically active compounds in micellar aggregates might 
significantly change the redox potential, charge transfer coefficients, and diffusion 
coefficients of electrode processes, thus changing the stability of electrogenerated 
intermediates and electrochemical products, which becomes an advantage for its use in 
electrochemistry and modification of electrodes 72. 
This leads to improved analytical figures of merit as presented for detection of 
capsaicin 72 or benzo(a)pyrene 47 in the presence of sodium dodecylsulfate, and 
benzophenone-3 70-71, 4-chloro-3-methylphenol 75 or resveratrol 61 in the presence of 
cetyltrimethylammonium bromide (hexadecyltrimethylammonium bromide). The main 
disadvantage of this approach is the necessity of manual polishing of the BDD surface after 
each scan. On the other hand, the interaction of the surfactant or transfer of the adsorbed 
species from the matrix to pure supporting electrolytes can substantially increase the 
selectivity of the method. 
Perspective trends in electroanalysis include miniaturization of BDD sensors for 
their utilization in in vivo / in vitro analysis or for detection in CE or micro total analytical 
systems 76-77. Numerous attempts were made to design BDD-based microelectrodes, BDD 
microdisc arrays or other variations, summarized in reviews 9, 12, 78. The ability of 
microelectrodes to deliver steady state responses at suitable scan rates, low analyte 
concentrations and in the absence of any supporting electrolyte is an attractive feature 
when comparing them to conventional macroelectrodes. These responses are usually 
obtained when the scan rate is kept low so as to minimize the ohmic drop 79. The main 
drawback of microelectrodes, low total current output, can be avoided by construction of 
microelectrode arrays (MEA). In this way, the total current can be multiplied (for ideal 
arrays up to 1000 fold) as it corresponds to the total area of the electrode including the 
isolated portions between the single microelectrodes. The noise corresponds to the sum of 
their areas 9. Regardless of the miniaturization trend, benefits of increase of active 
electrode area and roughness of the surface were demonstrated in detection of dopamine 
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and nonenzymatic amperometric detection of glucose using 3D-structured BDD nanorod 
forest electrode 80. Also the overlap problem of oxidation peaks for determination of 
dopamine and ascorbic acid in their mixture can be solved by using BDD MEA 42. Recent 
progress and achievements concerning diamond nanoelectrochemistry (nanotextures, 
nanowires, networks, porous film, nanoelectrodes, undoped nanoparticles, and boron-
doped particles) are considered in review 81. 
Even though diamond surfaces are chemically inert, photochemical, 
electrochemical and chemical approaches have shown their strength in tethering functional 
groups to this interface. Many studies exist on modified BDD surfaces and their 
utilizations in construction of BDD-based sensors 10, 82-84. Promising strategies include e.g., 
amination or carboxylation of BDD surface to bond various receptor biomolecules 85-86, or 
covering of BDD thin films by molecularly imprinted conducting polymers such as 
polypyrrole 87-88. Special interest for the development of molecularly imprinted polymer 
(MIP) is related to their potential to recognize selected molecules. The typical synthesis of 
the molecularly imprinted polypyrrole involves the formation of polymer in the presence of 
template molecules. The template molecules that are used for MIP preparation are usually 
the same as target molecules. Conductive BDD powder and polyester binder were used to 
fabricate screen-printed electrode on polyimide sheets and exhibited greater durability to 
fouling by dopamine than carbon screen-printed electrode 89. Further development in this 
field can be foreseen thanks to the progress in the deposition technology of the BDD films, 
their modification and widening insights in the principles of biosensing. 
The commercialization of BDD electrodes at the beginning of this century 
accelerated the development. Specialized electroanalytical studies using batch 
voltammetric and amperometric methods or liquid flow methods with amperometric 
detection at BDD electrodes under optimized conditions in pure solvents proved in most 
cases notable reproducibility, high sensitivity, low detection limits, and linear dynamic 
range often over three orders of magnitude compared to other, particularly carbonaceous 
electrode materials.  
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Table 2.1. Selected applications of BDD-based sensors in organic analysis 
Analyte BDD electrode, 
pretreatment 







Neurotransmitters, their metabolites and precursors 
Epinephrine Windsor Scientific  SWV, 0.5 M HClO4; (human 
urine) 
0.7–60 0.21 90 
Dopamine  
Ascorbic acid 
CSEM; 3 mA.cm–2 in 0.5 M 
H2SO4 and then in 0.1 M KOH 






Ascorbic acid  
BDD-MEA, Adamant 
Technologies SA; +1.92 V,  
60 min in 0.1 M KOH 





Dopamine BDD-NEAs, Fraunhofer; 
–2.4 V, 45 s (H-terminated), 
+2.4 V, 45 s (O-terminated) in 
2 M H2SO4 
DPV, phosphate buffer; in 
presence of 100 μM ascorbid acid 
0.1–20 0.1 H 14 
Dopamine 
Adenosine 
Thermo Scientific ESA.; 
Thermo Scientific ESA 5041 
analytical cell, no pre-
treatment 
HPLC-AD, mobile phase: 45 mM 
(NH4)3PO4, 1.1 mM Na4P2O7, and 
4% acetonitrile, adjusted to pH 3 
using phosphoric acid 
0.001–5 e 
0.001–200 e 
0.000021 e, B 
0.0012 e, B 
92 
Melatonin Windsor Scientific polished 
with 0.01 and 0.03 μm grade 
alumina aq. slurry 
CV, 1 M KCl, presence of 10 % 
CMC and 90 % DCP; 
(pharmaceutical formulations) 







in ethanol and deionised water 
5 and 10 min; CV from –0.5 V 
to +2 V, 50 mM phosphate 
CE-AD, 50 mM Na2HPO4-NaOH 
pH 10.5 / acetonitrile (97/3, v/v), 






0.06 SPE, D 
0.3 
0.01 SPE, D 
58 





Bisphenol A diglycidil 
ether 





0.01 SPE, D 
0.5 
0.01 SPE, D 
Bisphenol A Adamant Technologies;  
250 mA.cm–2, 60 s and  
–250 mA.cm–2, 180 s in 0.5 M 
H2SO4 
DPV, 0.5 M H2SO4 0.44–5.2 0.21C 94 
Bisphenol A MWCNTs / tyrosinase film 
BDD 
CV, phosphate buffer pH 7.2; 
(water samples) 






CSEM; 0.5 M H2SO4,  
–1 mA.cm–2, 120 s and  
+1 mA.cm–2, 120 s 
SWV, 0.01 M KNO3 pH 1.5 / 















CSEM; 0.5 M H2SO4,  
–1 mA.cm–2, 120 s and  
+1 mA.cm–2, 120 s 
FIA-MPA, 0.01 M KNO3 pH 1.5 / 










Catechol As-grown BDD electrode 
Nanograss array BDD 
electrode; both sonicated in  
2-propanol and deionised 
water 






Windsor Scientific; +2 V, 
180 s in 0.5 M H2SO4 




0.551 e, C 
1.26 e, C 
45 





Windsor Scientific; polished 
with slurries (0.01 μm Al2O3 
on a smooth polishing pad), 
then rinsed with deionized 
water  
SW-AdSV, BRB pH 3.0, 
accumulation 120 s at +0.40 V 
0.706–11.29 0.138 C 74 
4-chloro-3-
methylphenol 
Windsor Scientific; +2.40 V, 








bromide: polishing pad and 
alumina with subsequent rinse 
by deionized water after each 
scan. 











































Biofunctional ZnO nanorod 
microarrays / nanocrystalline 
BDD 
Amperometry; 0.1 M phosphate 
















Element Six;  
oxidised BDD: CV from  
–1.5 V to +2.5 V, 10 min, in 
0.1 M HNO3;  
CB/BDD 






0.86; 1.6 C 
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Estriol BDD film electrode, B/C 8000 
ppm, –3 V, 3 min in 0.5 M 
H2SO4, then –3 V, 30 s in 
supporting electrolyte before 
each run 
SWV, NaOH pH 12; 
(pharmaceutical sample, urine) 





BDD, B/C8000 ppm, thin layer 
arrangement; +3 V, 30 s; then 
–3 V, 30 s 
HPLC-AD, mobile phase 0.025 M 
phosphate buffer pH 7 / 
acetonitrile (4:6, v/v); (shampoos) 
0.0125–0.5 %, w/w 
 
 
0.01%, w/w, D 
0.01%, w/w, D 
0.01%, w/w, D 
60 
Phenol BDD/AuNPs/Tyr; stored in  
0.1 M phosphate buffer pH 7 at 
4 °C 
SWV, 0.1 M phosphate buffer 
pH 7 
0.10–11.0 0.07 86 
Phenol HFCVD BDD treated with H2 
microwave plasma, 400 W, 
20 min 
SWV, 0.05 M H2SO4 40–250 0.85 C 99 
Phenol HFCVD BDD; +2.8 V, 10 s 
and –2.8 V, 10 s 
SWV, 0.05 M H2SO4 30–130 1.06 C 46 
Resveratrol Windsor Scientific; 
–1.5 V, 180 s, +1.5 V, 180 s, 
0.5 M H2SO4; polished 
manually with Al2O3 slurry 
(0.01µm), then rinsed with 
deionized water 




0.1–26 0.0276 C 61 






Adamant Technologies; 1M 
HNO3, –3 V, 10 s and +3 V,  
10 s  














































HPLC-AD ox, phosphate buffer 










































Windsor Scientific; CV from 
–2.5 to +2.5 V in 1 M HNO3 
 
DPV red, BR buffer pH 4.0; (water 
samples) 
 
DPV red, BR buffer pH 6; (water 
samples) 
 
DPV ox, BR buffer pH 11; (water 
samples) 
 



















0.3/0.02 SPE, a 
0.2/0.02 SPE, b 
0.3/0.2 SPE, c 
0.1/0.03 SPE, a 
0.1/0.04 SPE, b 




0.1/0.02 SPE, a 
0.1/0.02 SPE, b 
0.6/0.2 SPE, c 
 
4 
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Windsor Scientific; CV from 
–2.5 to +2.5 V in 1 M HNO3 
HPLC-AD red, 0.05 M acetate 
buffer pH 4.7–methanol (58/42, 




HPLC-AD ox, 0.05 M phosphate 
buffer pH 6.75 – methanol  
(65/35, v/v); (water samples) 
 
2–80 a, 2–100 b,  
4–100 c 
2–100 a, 1–100 b, c 
2–60 a, 1–100 b, c 
 
6–80 a, 4–100 b, c 
2–80 a, 2–100 b, c 
4–100 a, c, 2–100 b 
F 
1.2 a, 1.5 b, 1.8 c 
 
0.8 a, 1.3 b, c 
0.7 a, b, c 
 
1.0 a, 2.9 b, 3.5 c 
1.5 a, 2.5 b, 2.4 c 
0.6 a, 1.5 b, 1.2 c 
5 
Trinitrotoluene MPCVD nanocrystalline BDD SWV, 0.05 M KCl / acetonitrile 













DPV, BRB pH 7 
HPLC-AD, mobile phase 
acetonitrile / 0.01 M phosphate 
buffer pH 3 (40/60 v/v); (azo dye 




















microcrystalline BDD; thin 
layer (T) and wall jet (W) 
arrangement 
HPLC-AD, mobile phase 0.01 M 
acetate buffer pH 5 / acetonitrile / 







0.54 T, F 
0.070 W, F 
0.25 T, F 
0.075 W, F 
0.35 T, F 

















microcrystalline BDD; +2.4 V, 
60 min in 0.1 MH2SO4 
HPLC-AD,  mobile  phase 0.01 M 
acetate buffer pH 5 / acetonitrile / 
methanol (40/30/30 v/v/v); 




0.025–0.1 c, SPE 
0.005–0.1 b, SPE 
0.2–10 
0.1–10 c 
0.0025–0.1 c, SPE 
0.0075–0.1 b, SPE 
0.2–10 
0.2–10 c 
0.005–0.1 c, SPE 
0.0075–0.1 b, SPE 
0.21 
0.21c 




0.013 c, SPE 
0.0044 b, SPE 
0.62 
0.55 c 
0.017 c, SPE 
0.011 b, SPE 
43 
Polycyclic aromatic hydrocarbons 
Benzo[a]pyrene Windsor Scientific; polished 
with 0.01 μm alumina, +1.3 V, 
30 s in supporting electrolyte 
SW-AdSV, BRB pH 2.0 
containing 2.5×10−4 M sodium 
dodecylsulfate; (tap water) 
0.016–0.2  0.00072 C 47 
1-hydroxypyrene Windsor Scientific Ltd HPLC-AD/SPE, mobil phase 
methanol / 0.05 M phosphate 
buffer pH 5 (80:20 v/v); (urine) 





Windsor Scientific Ltd; 
oxidative scan +0.15 to  
+0.5V; +0.23 to + 0.68 V; 
50× pulses + 0.8V, 0.3 s and  
–0.5 V, 0.3 s 
DPV, methanol / BRB pH 3 
(70:30 v/v) 
DPV, methanol / BRB pH 5 












Amlodipine  polycrystalline HFCVD BDD 
electrode 




0.07 C 104 
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Albendazole Adamant Technologies; 
+0.5 A.cm–1, 30 s or  
–0.5 A.cm–1, 180 s in 0.5 M 
H2SO4  
SWV, 0.05 M H2SO4 






Bezafibrate Adamant Technologies; 0.5 M 
H2SO4, +0.5 A.cm–2, 20 s, then 
–0.5 A.cm–2, 80 s 
SWV, BRB pH 2, (pharmaceutical 
formulations – tablets) 
0.1–9.1 0.098 C 106 
Brimonidine Windsor Scientific; polished 
with aqueous slurry of Al2O3 
powder, +1.2 V, 60 s, and 
–1.5 V, 60 s, in 0.25 M H2SO4 








Captopril CSEM; +3 V, 30 s and –3 V  
30 s in 0.1 M HClO4 




+0.01 A, 1000 s in 0.04 M 
BRB pH 2, then –0.01 A, 
1000 s in 0.1 M H2SO4 
BIA-MPA, 0.01 M acetic acid / 




0.14 e, H 
0.27 e, H 
107 
Ciprofloxacin Adamant Technologies BIA-AD, BRB pH 10, dispensing 
rate 153 μL.s−1 
1–100 0.3 108 
Codeine Windsor Scientific; CV from  
–2 to +2 V in 1 M HNO3, 
microwave-inducted hydrogen 
plasma, 5 min 
DPV, BRB pH 7; 
(pharmaceuticals, human urine) 
0.1–60 0.08 C 54 
Coumarin BDD film (8000 ppm boron), 
+3 V, 10 min and –3 V 10 min 
SWV, 0.1 M BRB pH 8; (aq. 
infusion of Mikania glomerata) 
0.00499–0.1 0.01 C 64 
Erythromycin As-grown double-bias-
enhanced HF CVD BDD, CV 
from –2 to +2Vin the 
supporting electrolyte 
SWV, ammonium acetate 
buffer pH 5, (water samples) 
6.8–68.1 1.1 C 59 







+0.5 A.cm–1, 40 s in 0.5 M 
H2SO4 
SWV, 0.1 M BRB pH 8 
 
 
DPV, BRB pH 9.5 
 
4–83 1, HCTZ 
4–74 2, HCTZ 
4–74 2, LOS 
1–20 1, LOS 
3–74 2, HCTZ 
3–74 2, LOS 
1 1, HCTZ, C 
1.8 2, HCTZ, C 
0.98 2, LOS, C 
0.92 1, LOS, C 
1.2 2, HCTZ, C 





ultrasonication in  
2-propanol, 10 min 
ChrA, 0.1 M phosphate buffer 
pH 7.4  
0–10000 300 C 110 
Ibuprofen Adamant Technologies, 
0.50 cm2; +0.01 A, 1000 s in 
0.04 M BRB and –0.01 A, 
1000 s in 0.1 M H2SO4/ 
ethanol (9/1 v/v) 
DPV, 0.1 M H2SO4/EtOH (9/1 
v/v) 
20–400 5 C 111 
Methamphetamine polycrystalline HF CVD BDD 
electrode; +2 V, 180 s and  
–2 V, 180 s in 1 M H2SO4 
DPV, BRB pH 10; (human urine) 0.07–80 0.05 C 65 
Nimesulide Adamant Technologies, wall 
jet arrangement, 7 mm2; 
–10.5 mA, 60 s, then 
+11.7 mA, 30 s in 0.5 M 
H2SO4 
FIA-MPA; phosphate buffer pH 7 
/ EtOH (9/1 v/v); (pharmaceutical 
formulations) 





CSEM; +0.5 A.cm−2, 30 s and  
–0.5 A.cm−2, 150 s in 0.5 M 
H2SO4 





0.23 e, C 
0.096 e, C 





0.13 cm2; +0.01 A, 60 s in 
0.5 M H2SO4 
DPV, 0.1 M H2SO4/EtOH (9/1 
v/v) 
 
20–400 7.1 C 
3.8 C 
114 





Adamant Technologies,  
0.13 cm2; –0.01 A, 1000 s in 
0.1 M H2SO4 




1.94 e, H 




NeoCoat; 0.5 M H2SO4, 
0.04 A cm−2 or−0.04 A cm−2, 
30 s or 180 s 
FIA-MPA, 0.05 M 
H2SO4,(pharmaceutical samples 






Penicilin V Windsor Scientific; no pre-
treatment 
DPV, acetate buffer pH 4; 
(pharmaceutical formulations, 
human urine) 
0.5–40 0.25 C 117 
Propylthiouracil Adamant Technologies; 0.5 M 
H2SO4, 30 s, +0.5 A.cm–2, then 
150 s, –0.5 A.cm–2 
DPV, BRB pH 2 1–29.1 0.9 C 118 
Xylitol CSEM; +3 V, 120 s and –3 V, 
240 s in 0.5 M H2SO4 
SWV, 0.1 M phosphate buffer 
pH 7; (mouthwash products) 
5–64 1.3 C 66 
Agrochemicals 
Atrazine Windsor Scientific; CV from  
–2 to +2 V in 1 M HNO3 




BDDGR (Windsor Scientific 
Ltd – modified); 15 CV (stable 
and reproducible 
background current) 
DPV, acetate buffer pH 5.6; 




0.07 C, d 
0.17 C, e 
0.01 C, d 
0.4 C, e 
119 
Linuron Adamant Technologies; 
–0.5 A.cm–2, 80 s in 0.5 M 
H2SO4 
BDD/ PtNPs 
DPV;BRB pH 2 
SWV;BRB pH 2, (water samples) 
 
DPV;BRB pH 2 
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Kresoxim-methyl Adamant Technologies, 1 cm2; 
GCHP, + 0.01 A, 1000 s, then  
–0.01 A, 1000 s, then CV from 
–0.5 to +1.5 V in 0.1 M H2SO4 
SWV, 0.05 M acetate buffer pH 4; 
SPE, (grape juices) 
0.87–34 0.26C 121 
Metamitron Windsor Scientific;+2.0 V, 
60 s in 1 M HNO3, then  
–2.0 V, 60 s. Then rinsed with 
deionized water and polished 
with a piece of damp silk cloth. 
Finally, 20 CV from –1.0 to 
+2.0 V in 1 M HNO3 
DPV, BRB pH 2 
SWV, BRB pH 2 
(river water) 
0.5–110 1.2 C 
0.98 C 
67 
Methiocarb Windsor Scientific; no 
regeneration 
DPV, 0.1 M H2SO4 in MeOH 
(10 %, v/v) 
4.4–244 0.67 C 122 
Methomyl BDD electrode (surface area 
0.36 cm2), +3.0 V, 120 s, 
−3.0 V, 240 s in 0.5 M H2SO4 
SWV 
DPV 







Picloram Windsor Scientific; CV from  
–2 V to +2 V, 10 min, 1 M 
HNO3 
DPV; 1 M H2SO4; (tap and natural 
water, human urine) 
0.5–48.1 0.07 C 56 
Triclopyr Windsor Scientific; +2 V, 60 s, 
then –2 V, 60 s, then CV 
20 cycles from –1 to +2 V in 
1 M HNO3 
DPV; BRB pH 2 (tap water, river 
water, human urine) 













Windsor Scientific;+2.0 V, 180 
s,then −2.0 V, 180 sin 1 M 
H2SO4 
FIA, BRB pH 4 0.01–1 0,0027 C 69 
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WindsorScientific  DPV, BRB pH 6; (fish sperm and 







0.037 d, C 
0.19 e, C 
 
0.019 d, C 








irradiation in air, 2 h, low 
pressure mercury arc lamp 
DPV, 0.1 M KCl pH 7.4 5–500 5 d, BDD, I 
10 e, BDD, I 
0.5 d, NWs/BDD, I 
0.5 e, NWs/BDD, I 
5 d, BDD, I 
20 e, BDD, I 
0.2 d, NWs/BDD, I 
0.2 e, NWs/BDD, I 
124 
Food components and additives 
Glucose BDDNF Amperometry; 0.1 M NaOH, 
presence of AA and UA 
7000–15000 0.2 80 
Glucose Nanocrystalline BDD, 
sonicated in isopropanol, 
acetone, ultrapure water 
15 min 
LSV, 0.1 M NaOH, presence of 
AA and UA 








L-BDD NWs, 30 min in 0.5 M 
H2SO4 
LSV, 0.1 M NaOH pH 12.5 
 
60–8000 60  I 
 
126 
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Vanillin Windsor Scientific; daily +3 V, 
180 s in 0.5 M H2SO4; 30 s 
experimental conditions, +3 V 
before each voltammetric 
experiment 
SW-AdSV, phosphate buffer 
pH 2.5, 60 s preconcentration 
3.3–380 0.16 C 44 
Other compounds 
Benzophenone-3 CSEM; +3.2 V and –2.8 V, 
30 s in 0.1M HClO4 
SWV, 0.1M BRB pH 6 in the 
presence of 
cetyltrimethylammonium bromide;  
(commercial sunscreen) 
15–195 0.137 C 70 
Benzophenone-3 MPCVD BDD (BDDA); 
Windsor Scientific (BDDB); 
+2.4 V, 60 s in 0.5 M H2SO4 
BDDA:+3 V, –3 V, +3 V,  
–3 V, +3 V, each for 10 s in 
0.5 M H2SO4.BDDB: polishing 
pad and alumina with 
subsequent rinse by deionized 
water after each scan. 






























0.05 MH2SO4, –3 V, 900 s 
BIA, 0.1 M HClO4 / ethanol 
(50/50 v/v) 
10–50 0.05 52 
Capsaicin Windsor Scientific; –3 V and 
+3.0 V in 0.5 M H2SO4, 180 s; 
before each experiment 
polished manually with Al2O3 
slurry (0.01mm), then rinsed 
with deionized water 
SW-AdSV, BRB pH 1.0 with 
800 µM sodium dodecylsulfate; 
(commercial pepper products) 
0.16–20 0.034 C 72 
Cholesterol AgNPs/BDD coupled with 
PAD 
ChrA, phosphate buffer pH 7.4; 
(bovine serum) 
10–7000 6.5 C 127 
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Hydrazine Au-NPs BDD 
Pt-NPs BDD 
DPV, presence of APIs 10–1000 11.1 J 
3.3 J 
128 
Hydrazine BDD film on titanium sheet DPV, phosphate buffer pH 7 2–400 1 C 129 
Nicotine Windsor Scientific DPV, BRB pH 10; (cigarettes, 
cigar, pharmaceuticals) 
0.5–202.5 0.3 C 130 
Ozone Si (111) – BDD 
microelectrodes 
CV, electrolyte-free media 0.49–740 0.185 131 
Rutin WindsorScientific; manually 
polished with Al2O3 slurry 
(0.1 μM), then ultrasonically 
cleaned, no pre-treatment 
SW-AdSV, BRB, pH 4.0, 
accumulation 60 s at +0.2 V 
0.0164–0.164 0.00278 C 73 
α-tocopherol 
Ubiquinone 
Si-BDD 132; UV/ozone treating 
60 min 
FIA-AD, mobile phase: 50 mM 
NaClO4 in MeOH; 50 mM NaClO4 






Urea Element Six; Pt-NPs/BDD, 
sweeping cell potential 
between –1 V and +2.5 V in 
0.5 M HNO3, 45 cycles 
DPV, phosphate buffer pH 8.3, 
(protein urease) 
1000–25000 1790 134 
a – in deionized water; b – in drinking (tap) water; c – in river water; d – individual determination; e – simultaneous determination; A – LOD for 
S/N = 3, if not otherwise specified; B – LOD = 3.3 SB/b, where SB is standard deviation for the blank solution and b the slope of the linear 
concentration dependence; C – LOD = 3 SB/b, where SB is standard deviation for the blank solution and b the slope of the linear concentration 
dependence; D – LOD measured in matrix; E – LOD = 2 SB/b, where SB is standard deviation for the blank solution and b the slope linear 
concentration dependence; F – LOD calculated as the concentration of the analyte which gave a signal ten times the standard deviation of the 
lowest evaluable concentration; G – LOD calculated using three times the standard deviation corresponding to the lowest point of concentration 
dependence; H no details on calculation given; I – LOD determined from five blank noise signals (95% confidence level); J – LOD = μ+ 3 SB, 
where μ and SB are the mean and standard deviation of the background response; K – LOQ = 10σ/m where σ is the standard deviation of the 
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signal measured for the lowest analyte concentration corresponding to calibration plot, m is slope of the analytical curve; ox – oxidation; red – 
reduction; SPE – using SPE;  %, w/w – concentration in mg/mL; AD – amperometric detection; AdSV – adsorptive stripping voltammetry; AgNPs 
– silver nanoparticles; APIs – active pharmaceutical ingredients; AuNPs – gold nanoparticles; BDDGR – graphene-modified boron-doped 
diamond electrode; BIA – batch-injection analysis; BRB – Britton-Robinson buffer; CB – carbon black; CCL – Center for Coatings and Laser 
Applications; CE – capillary electrophoresis; ChrA – chronoamperometry; CMC – carboxymethyl celulose; CSs – carbon spheres; CSEM – 
Centre Suisse de Electronique et de Microtechnique SA; CV – cyclic voltammetry; DCP – dibasic calcium phosphate; EIS – electrochemical 
impedance spectroscopy; GCHP – galvanostatic chronopotentiometry; GOx-CoPc/BDDP – glucose-oxidase-immobilized cobalt 
phthalocyanine/boron-doped diamond powder; HF CVD – hot filament chemical vapor deposition; HPLC – high-performance liquid 
chromatography; L-BDD NWs – long boron-doped diamond nanowires; L-DOPA – L-3,4-dihydroxyphenylalanine; LSV – linear sweep 
voltammetry; MEA – microelectrode arrays; MPA – multi pulse amperometric detection; MP CVD – microwave plasma assisted chemical 
vapor deposition; MWCNTs – multi-walled carbon nanotubes; NEAs – nanoelectrode arrays; NF – nanorod forest; Ni-NPs – nickel 
nanoparticles; NWs/BDD – boron doped diamond modified by nanowires; PAD –paper-based analytical device; Pt-NPs/BDD – boron doped 
diamond modified by platinum nanoparticles; SPE – solid phase extraction; SWV – square wave voltammetry; Tyr – tyrosin. 
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3. PROPERTIES AND ANALYTICAL METHODS FOR 
DETERMINATION OF NITROPHENOLS 
 
3.1 Sources, Formation, Occurrence, and Biological Effects 
 Nitrophenols (NPs) belong among both reducible and oxidisable compounds and 
thus are often used as model compounds in electrochemistry. Together with substituted 
NPs they are frequently used in industry as reactants or intermediates in production of 
drugs and dyes and in agriculture, where pesticides based on simple NPs are used as 
growth stimulators 7, 135.  
 Toxicologically, NPs are poisons exhibiting appreciable cumulative effects and 
blocking the oxidative phosphorylation in cells. The NPs may also affect methaemoglobin 
formation, liver and kidney damage, anaemia, skin and eye irritation, and systemic 
poisoning 136. Therefore, they are listed by US EPA on the List of Priority Pollutants 6. No 
carcinogenic or genotoxic effects have been reported for this class of compounds.  
 
3.2 Analytical Methods for Determination of Nitrophenols 
 
3.2.1 Methods for Determination of Nitrophenols  
The US EPA maintains test methods, which are approved for monitoring the 
presence and concentration of chemical pollutants. The methods in the Agency index are 
known as EPA Methods 137 and are the most widely accepted and used. For 2NP, 4NP and 
2,4DNP, gas chromatography with mass spectrometric detection (GC/MS) or flame 
ionization detector (GC/FID) is used 138. The methods provide guidelines for the analysis 
of phenols in water and include all the steps necessary to collect, prepare, and analyse 
samples and data. 
For the determination of 2NP, 4NP, and 2,4DNP the following US EPA Method 
528 (ref. 139) or 604 (ref. 140) is recommended: compounds are extracted by passing a 1 L 
water sample through a solid phase extraction (SPE) cartridge containing 0.5 g of 
a modified polystyrene-divinylbenzene copolymer and eluted from the solid phase with 
a small quantity of dichloromethane. The extract is concentrated and subjected to analysis 
by GC/MS 139 or GC/FID 140. 
Beside US EPA Methods, a number of other studies was published, including 
GC 141-143, spectrophotometry 144, CE 145-146 or HPLC 147-153. Among them, 
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chromatographic methods are used more frequently due to the high separation 
efficiency 141, 152. Before analysis, enrichment step is necessary, because the contents of 
NPs compounds in real samples are generally quite low. Therefore, various pre-treatment 
techniques have been developed to extract NPs from aqueous samples, such as liquid-
liquid microextraction 153, solid-phase extraction 150-152, solid-phase microextraction 142-143, 
multiple monolithic fibre solid-phase microextraction 147, single-drop microextraction 148, 
stir bar sorptive extraction 149 and  hollow-fibre liquid-phase microextraction 145.  
However, easily reducible nitrogroup(s) or oxidisable hydroxyl group in 
conjunction with aromatic ring offer simple possibility for their detection using 
voltammetric and amperometric methods in combination with separation techniques that 
are summarized in the next chapter 3.2.2. 
 
3.2.2 Electrochemical Methods for the Determination of Nitrophenols  
Electrochemical methods for determination of selected NPs between 2000–2011 
have been reviewed in the Ph.D. Thesis 154. Further developed selected electrochemical 
methods applied for determination of NPs between 2012 and 2017 are presented in 
Table 3.1. It summarizes the type of the working electrode, electroanalytical method used 
and achieved limit of detection. It can be seen from the table that the methods rely on both 
electrochemical oxidation and reduction, including the studies developed for 2NP, 4NP, 
and 2,4DVP by the author of this Thesis 4-5. 
Reduction of nitroaromatic compounds is based on the reduction of a nitro 
group 155. Reduction of a nitro group proceeds in the acidic media in two steps (Eq. 2 and 
Eq. 3): 
Ar–NO2 + 4e– + 5H+→ Ar–N+H2OH + H2O    (Eq. 2) 
Ar–N+H2OH + 2e– + H+→ Ar–NH2 + H2O     (Eq. 3) 
In the neutral media, only one step is observed (Eq. 4): 
Ar–NO2 + 4e– + 4H+→ Ar–NHOH + H2O     (Eq. 4) 
In the alkaline media, usually two voltammetric waves are observed, corresponding to 
a two-step mechanism (Eq. 5 and 6): 
Ar–NO2 + e– → Ar–NO2•–      (Eq. 5) 
Ar–NO2•– + 3e– + 4H+ → Ar–NHOH + H2O    (Eq. 6) 
Oxidation of NPs is based on the dissociation of aromatic hydroxo group that leads 
to the formation of phenolate (Eq. 7) (dominant form in alkaline solution), then oxidation 
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to the phenoxy radical (Eq. 8) or phenoxy cation (Eq. 9), acting as intermediates of the 
reaction 156.  
Ar–OH– e– → Ar–O–+ H+       (Eq. 7) 
Ar–O––e– → Ar–O•       (Eq. 8) 
Ar–O•–e– → Ar–O+       (Eq. 9) 
The aforementioned electrochemically formed compounds (phenoxy radical and 
phenoxy cation) are very reactive and form polymers or undergo other chemical 
transformations 157. This may be the cause of the passivation of the electrode surface 
during electrochemical oxidation. 
Electrochemical detection of NPs at bare electrodes seriously suffers from 
interference issues, low sensitivity or high overpotential during electrochemical oxidation. 
Therefore, modified electrodes are widely used to avoid these issues aiming to the 
preparation of highly efficient electrochemical sensors for the determination of NPs 158. As 
seen from Table 3.1 commonly used glassy carbon is the most popular electrode material 
for modification by various compounds to increase its selectivity and sensitivity. 
This Ph.D. Thesis is focused on the electrochemical detection of NPs at BDD film 
electrodes.  
Voltammetric determination of 2NP, 4NP, and 2,4DNP, investigated in this Thesis, at 
BDD film electrodes has been described utilizing their oxidation 159-162, reduction 79, 163, or 
comparing both these detection modes 3-4, 164-165. Beside these compounds, other NPs and 
their derivatives were investigated. 
Most of the phenolic compounds and/or their reaction intermediates and products are 
easily adsorbed on the surface of electrodes, because their oxidation reactions result in 
formation of a polymeric layer as highlighted above. The adsorption behaviour has a great 
influence on the refreshment of electrode surface and electrochemical determination, for it 
might badly foul the electrode, greatly shorten the lifetime of the electrode, and even 
destroy the feasibility of the application of the electrode. However, even BDD electrode is 
not entirely resistant to passivation; different ways to activate the electrode surface have 
been reported. For the determination of phenolic compounds, anodic oxidation 162, short 
potential pulses close or in the onset of supporting electrolyte decomposition curve 62, 
cyclic voltammetry in acidic media to the onset of supporting electrolyte decomposition 
curve 4 or ultrasound traetment 163, 165 are possibilities of conditioning of the electrode 
surface. 
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Anodic activation was reported for simultaneous determination of phenol, 
hydroquinone and 4NP 162, by simple treatment in sulfuric acid solution at a highly positive 
potential of +2.8 V for 10 s.  
The determination of aminonitrophenols as dyeing agents using BDD electrode in 
DPV and HPLC-ED was proposed 62. For the activation of the electrode, applying potential 
of –3 V for 10 s and of +3 V for 10 s in 1M HNO3 was used. For DPV determination, 
Britton-Robinson (BR) buffer pH 4:MeOH (9:1, v/v) was used, detection limits were  
0.2–0.9 µmol.L−1 in both cathodic and anodic potential region. For HPLC-ED, phosphate 
buffer pH 2 containing 35 % (v/v) of methanol was selected as optimum mobile phase. 
Detection limits were 0.2–0.9 µmol.L−1 for DPV and 0.15–0.31 µmol.L−1for the HPLC-ED 
determination. 
Large cathodic part of potential window of BDD electrodes was used for a couple of 
determinations of pesticides based on the reduction of nitro group in methylparathion 163, 
or parathion 166. The direct determination of methylparathion in potato and corn extracts 
and its degradation product 4NP in lemon and orange juices by square wave voltammetry 
(SWV) using BDDE was reported 163 with the limits of detection for methylparathion 
4.86 µg.L–1 (0.0185 µmol.L–1) in water and 10.1 µg.L–1 (0.0384 µmol.L–1) in corn extract 
and for 4NP 5.53 µg.L–1 (0.0210 µmol.L–1) in orange juice and 8.32 µg.L–1 
(0.0316 µmol.L–1) in lemon juice. The SWV was combined with the ultrasound treatment 
to minimise the inactivation of the BDD surface and to improve the sensitivity of the 
responses. 
Both electrochemical reduction and oxidation were used for the detection of 4NP in 
spiked pure and natural waters using SWV 164. As the supporting electrolyte, BR buffer 
pH 6.0 was used. For the reduction process, the detection limits varied between 0.03 and 
0.133 µmol.L–1 and for the oxidation from 0.02 to 0.115 µmol.L–1. Then, the determination 
of 4NP was studied by SWV on a BDD electrode when associated to ultrasound waves 165. 
Significant improvements in the analytical sensibility were observed due to electrode 
surface cleaning and the enhancement in the transport of species to the electrode surface 
provided by ultrasound. Thus, for the oxidation and reduction process, the limit of 
detection was 0.028 and 0.018 µmol.L–1, respectively. 
For direct detection of 4NP in the absence of any supporting electrolyte BDD-MEA 
have been used over the concentration range 1.8–9.2 µmol.L−1 with no pre-treatment 79. 
The detection of 4NP in aqueous media is of great importance as its presence is related to 
several organophosphorus pesticides (e.g., methylparathion, ethylparathion, fenitrothion, 
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etc.) and these decompose in water and soils with 4NP being produced as an intermediate 
or final product. 
Determination of NPs using simultaneously both electrochemical reduction and 
oxidation improves the selectivity and reliability of the analysis. As can be seen in the 
table 3.1, determination of NPs at bare BDD electrode achieves similar results as at 
modified GCE or graphite electrodes (GE). 
 
Table 3.1. Selected electroanalytical methods for the determination of 2NP, 4NP, and 
2,4DNP. 
Analyte Electrode Technique LOD, μmol.L−1 Ref. 
2NP polyfurfural film/GCE DPV red 0.3 167 
 CD-RGO/GCE DPV red 50 sim 168 
 OMCs/GCE DPV red 0.08 169 
 poly(p-ABSA)/GE SDV ox 0.28 170 
 PPI-AuNP/GE SWV red 0.033 171 
 Mg/Fe-LDH/GCE Amperometry red 4 172 
 nAu-Si4Pic+Cl−/GCE DPV red 0.046 173 
 BDD DPV red 0.3 a, 0.2 b, 0.1 c 4 
4NP SWNTs-Ag/GCE DPV ox 1 174 
 DB β-CD-MWCNT DPV ox 0.048 175 
 polyfurfural film/GCE DPV red 0.041 167 
 CD-RGO/GCE DPV red 100 sim 168 
 OMCs/GCE DPV red 0.1 169 
 SWCNT/GCE DPV ox 0.0077 176 
 GO/GCE LSV red 0.02 177 
 CeO2-ZnONPs Amperometry red 1.163 178 
 NMP-exfoliated GNS DPV ox 0.01 179 
 GR/MIPs composite DPV red 0.005 180 
 ZnO NPs MWCNT CTS DPV ox 0.001 181 
 S-CHIT/ABPE Derivative voltammetry red 0.03 182 
 Mg(Ni)FeO/CPE DPV ox 0.2 183 
 Ag-NPs modified electrode DPV ox 0.015 184 
 nAu-Si4Pic+Cl−/GCE DPV red 0.055 173 
 ePADs 
 
DPV ox 1.1 185 





DPV ox 0.005 186 
 ZnO NPs Amperometry red 0.832 187 
 α-Fe2O3 NPs Amperometry red 3.52 187 
 Graphene-Au composite/GPE Amperometry red 0.47 188 
 MIP Au-NPs gold electrode DPV ox 0.1 189 
 PNPI-PANI-PVSA/ITO DPV ox 1 190 
 poly(p-ABSA)/GE SDV ox 0.3 170 
 GCE/GNS-FePc  CV red 10 158 
 β-CD-Au-CGS-nanohybrid 
/GCE 
DPV ox 0.0038 191 
 ZnO/F/GCE SWV red 0.008 192 






 GNFs/GCE DPV red 0.7 194 
 β-CD/PBNCs/RGO/GCE LSV red 0.0023 195 
 PDPA/MWCNT-β-CD/GCE AdSV red 0.02 196 
 PDDA-G/GCE LSV red 0.02 197 
 PCZ/N-GE/GCE CV red 0.062 198 
 DTD/AgNP/CPE DPV red 0.25 199 
 Cu-GPE Amperometry red 1.91 200 
 N-rGO/GCE LSV ox 0.007 201 
 PMB/GCE DPV ox 0.093 202 
 BDD SWV red 0.0185 163 
 BDD DPV ox 1.44 159 
 BDD SWV ox 0.02 160 
 BDD CV ox 11 162 
 BDD SWV red 0.032 164 
  SWV ox 0.020  
 BDD SWV red 0.018 165 
  SWV ox 0.028  
 BDD DPV red 0.1 a, b, c 4 
  DPV ox 0.5 a, 0.1 b, c  
2,4DNP MWCNT/GCE CV red 0.144 203 
 HAP/GCE DPV ox 0.75 204 
 BDD DPV red 0.1 a, b,0.6 c 4 
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 BDD DPV ox 0.3 a, c, 0.5 b 4 
a – in deionized water; b – in drinking (tap) water; c – in river water; AdSV – adsorptive  
stripping voltammetry; AuNP-SPC – AuNP-electrodeposited screen printed carbon 
electrodes; β-CD-Au-CGS-nanohybrid – β-cyclodextrin functionalized Au-graphene 
nanohybrids; β-CD/PBNCs –β-cyclodextrin Prussian blue nanocubes, CS/PTMS – chitosan 
phenyltrimethoxysilane; CP – carbon paste; Cu-GPE – Cu-modified graphite pencil 
electrode; CTS – chitosan; CV – cyclic voltammetry; DB β-CD – disulphides bridged beta-
cyclodextrin dimer; DPV – differential pulse voltammetry; ePADs – electrochemical 
paper-based devices; GE – graphite electrode; GNFs – graphite nanoflakes; GNS-FePc – 
graphene nanosheets decorated iron phthalocyanine; GR/MIPs – molecularly imprinted 
polymers modified graphene sheet; HAP – hydroxylapatite, HCA – hydrodynamic 
chronoamperometry; LSV – linear sweep voltammetry; Mg/Fe-LDH – Mg/Fe layered 
double hydroxides; MIP – macroporous imprinted polymer;nAu-Si4Pic+Cl− – gold 
nanoparticles modified n-propyl-4-picolinium silsesquioxane chloride polymer; MWCNT 
– multi-walled carbon nanotube;  NMP-exfoliated GNS – N-methyl-2-pyrrolidone 
exfoliated graphene nanosheets; NPs – nanoparticles; N-rGO – nitrogen-doped reduced 
graphene oxide; PCZ/N-GE/GCE – polycarbazole (PCZ)/nitrogen-doped graphene;  
poly(p-ABSA)/GE – poly(p-aminobenzene sulfonic acid)-modified graphite electrode; 
PDDA-G – poly(diallyldimethylammonium chloride) functionalized graphene; PDPA – 
poly(diphenylamine); PMB – polymethylene blue; PNPI-PANI-PVSA/ITO – para-
nitrophenol  imprinted electrode with polyvinyl sulphonic acid doped polyaniline onto 
indium tin oxide glass substrate; PPI-AuNP – poly(propyleneimine) dendrimer-gold 
nanocomposite modified exfoliated; RGO – reduced graphene oxide; S-CHIT/ABPE – 
acetylene black paste electrode coated with salicylaldehyde-modified chitosan; SDV – 
semi-derivative voltammetry; sim  – simultaneous determination of 2NP, 3NP, and 4NP; 
SWCNT – single-walled carbon nanotube, SWNTs-Ag – single-walled carbon 
nanotubes/silver nanowires hybrids; SWV – square wave voltammetry; ZnO/F/GCE – ZnO 
film-coated GCE. 
 
Easily reducible nitrogroup(s) or oxidisable hydroxyl group in conjunction with 
aromatic ring offer simple possibility for the detection of NPs using amperometric 
detection in combination with separation techniques. 
Chromatographic methods, particularly HPLC, are common in the combination of 
the high selectivity of a separation method and a high sensitivity and relative selectivity of 
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amperometric detection. A wide concentration range, a small volume of a cell, a rapid 
response to a change in the concentration of an electroactive substance, and a low 
background signal are the advantages 205. The simple construction of the electrochemical 
cell (thin-layer  or wall-jet system) allows to employ a variety of electrodes in several 
arrangements using silver solid amalgam (AgSAE) 37, glassy carbon (GCE) 206, solid 
amalgam composite 207, or BDD 5 electrodes.   
The application of CZE has become increasingly widespread because of the 
minimal sample and solvent volume requirement, short analysis time and high separation 
efficiency. However, the miniaturized dimensions of the instrumentation increase the 
demands on the detection settings. In this context, electrochemical detection offers the 
advantage that it is not compromised by the miniaturization, in contrast with the path-
length dependent methods, e.g. the spectrometric ones 208. For the successful application, it 
is necessary to cope with the difficulty in performing electrochemistry in the presence of 
the high voltage associated with CZE separations. This can be overcome by inserting 
a porous decoupler between the separation and detection section of the capillary, which 
allows to ground the high voltage system ahead of the electrochemical detector, while the 
analytes are carried to the detector by the electroosmotic flow 209. Micromachined CE chip 
with a glassy carbon detector enables a rapid (120 s/sample) simultaneous determination of 
five priority nitrophenolic pollutants (2-nitrophenol, 3-nitrophenol, 4-nitrophenol,  
2,4-dinitrophenol, and 2-methyl-4,6-dinitrophenol) 210. 
Closer characteristics and achieved detection limits of selected amperometric 
determinations are listed in Table 3.2. 
 
Table 3.2. Selected electroanalytical methods using amperometry for the determination of 
2NP, 4NP, and 2,4DNP. 
Analyte Electrode Technique LOD, μmol.L−1 Ref. 
2NP GCE HPLC ox 0.009 206 
 GCE CE chip red 60 210 
 AgSAE HPLC red 10 a, 25 b 37 
 BDD HPLC red 1.2 5 
 BDD HPLC ox 1.0 5 
4NP GCE HPLC ox 0.011 206 
 GCE CE chip red 60 210 
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 AgSAE HPLC red 10 a, 25 b 37 
 BDD HPLC red 0.8 5 
 BDD HPLC ox 1.5 5 
2,4DNP GCE HPLC ox 0.023 206 
 GCE CE chip red 60 210 
 AgSAE HPLC red 5 a, 10 b 37 
 BDD HPLC red 0.7 5 
 BDD HPLC ox 0.6 5 
red – reduction, ox – oxidation, a thin-layer arrangement, b wall-jet arrangement 
 
Liquid and gas chromatography coupled with mass spectrometry are sensitive 
techniques for the detection of selected NPs, but the investment and running costs are 
incomparable with electrochemical detectors and thus their research and development is so 
promising and attractive. 
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4. RESULTS AND DISCUSSION 
 
4.1 Boron-Doped Diamond Film Electrodes in Organic Electroanalysis 
As theoretical basis summarizing and critically evaluating status-quo in the field of 
applications of BDD thin film electrodes in organic electroanalysis, two reviews were 
published by the author of this Thesis in Chemické Listy 1 and Critical Reviews in 
Analytical Chemistry 2. These reviews (89 and 194 references, respectively) summarize the 
recent progress in the development and applications of BDD film electrodes in 
electroanalysis of organic compounds since the beginnings in 1997 to 2007 and 2008. They 
are based on the survey listed in a comprehensive table devoted to batch voltammetric and 
liquid flow amperometric methods using BDD electrodes. The varieties in their 
construction, surface pre-treatment and electroanalytical methods used are discussed. 
Further, these reviews also focus on the possibilities and limitations of surface 
modifications. As a follow-up of these published reviews selected applications of BDD-
based sensors in organic analysis in recent few years is summarized in the Table 2.1. 
 
4.2 Differential Pulse Voltammetry of 2-Nitrophenol, 4-Nitrophenol and 
2,4-Dinitrophenol at Boron-Doped Diamond Film Electrode 
 
A DPV method was developed for the determination of selected nitrophenols − 
2NP, 4NP, and 2,4DNP − at BDD film electrode in BR buffer using electrochemical 
reduction (2NP) and using both electrochemical reduction and oxidation (4NP and 
2,4DNP). All the obtained results were published as a chapter in the monography Sensing 
in Electroanalysis 3. 
The influence of pH on both cathodic and anodic DPV curves of tested NPs 
(1.10−4 mol.L−1) was investigated in BR buffer, pH 2.0–12.0. For electrochemical 
reduction, based on the reduction of nitro group, well-developed peaks were obtained in 
acidic media, the highest and the most easily evaluated peaks have been found at pH 4.0 
for 2NP and 2,4DNP and pH 6.0 for 4NP. The optimum conditions were used for the 
construction of calibration dependences. Prior the first electrochemical measurement and 
also for renewing electrode’s surface after observed passivation, BDD film electrode was 
activated by cycling the potential in vigorously stirred aqueous 1M HNO3 solution between 
−2.5 V and +2.5 V vs. SCE until a stable signal was detected (5–10 cycles with 0.1 V.s–1 
Chapter IV     Results and Discussion 
_________________________________________________________________________ 
 43 
scan rate). The stable performance of the electrode was regularly verified by measuring 
cyclic voltammograms of 1×10−4 mol.L–1 potassium hexacyanoferrate, which exhibited 
well defined peaks. Repeatability of the determination was confirmed by series of 
20 consecutive measurements, carried out for the highest concentration of the linear 
dynamic range. The limits of quantification (LOQs) were calculated as the concentration of 
the analyte, which gave the signal equal to ten times the standard deviation estimated from 
the lowest measurable concentration, and for all analytes, LOQs were 0.4 μmol.L−1. All 
obtained results are summarized in the Table 4.1. 
 On the other hand, for electrochemical oxidation, based on the oxidation of 
phenolic group, peaks were better developed in alkaline media and optimum conditions 
have been found at pH 11.0 for 4NP and pH 10.0 for 2,4DNP. During electrochemical 
oxidation of 2NP, passivation of electrode’s surface became evident and the calibration 
dependences were not linear. Pre-treatment of the electrode prior the measurement in 
HNO3 or activation before each scan using highly positive or negative potentials (±2.0 V) 
applied in the supporting electrolyte were not sufficient for this compound. Further, the 
position of the peak near the end of the potential window caused the difficult evaluation. 
Therefore, for 2NP, voltammetric determination using electrochemical oxidation at BDD 
film electrode is not a suitable method. LOQs were 2 μmol.L−1 for 4NP and 0.8 μmol.L−1 
for 2,4DP. 
 Determination of NPs using simultaneously both electrochemical reduction and 
oxidation improves the reliability of the analysis. 
 
4.3 Determination of Nitrophenols in Drinking and River Water by 
Differential Pulse Voltammetry at Boron-Doped Diamond Film 
Electrode 
 The DPV method for the determination of selected NPs developed in previously 
mentioned paper 3 was successfully applied for the direct determination of these 
compounds in drinking and river water. To improve the limit of quantification, 
preconcentration by SPE from 100 mL and 1000 mL of water samples was used. All the 
obtained results were published in the journal Electroanalysis 4. 
The direct determination of NPs in model samples of drinking and river water was 
applied in the concentration range from 0.4 to 20 μmol.L−1 using both electrochemical 
reduction and oxidation (4NP and 2,4DNP) and only electrochemical reduction (2NP). The 
Chapter IV     Results and Discussion 
_________________________________________________________________________ 
 44 
sensitivity of this direct determination is comparable with the previous DP voltammetric 
experiments carried out with redistilled water 3, as is seen in the Table 4.1. Also the LOQs 
lie within the same concentration range. For electrochemical reduction, LOQs of 2NP, 
4NP, and 2,4DNP were 0.3, 0.1, and 0.1 μmol.L−1 in deionised water, 0.2, 0.1, and 
0.1 μmol.L−1 in drinking water, and 0.1, 0.1, and 0.6 μmol.L−1 in river water. For 
electrochemical oxidation, LOQs of 4NP and 2,4DNP were 0.5 and 0.3 μmol.L−1 in 
deionised water, 1 and 0.5 μmol.L−1 in drinking water, and 1 and 0.3 μmol.L−1 in river 
water.  
 To improve the LOQs, preconcentration by SPE from 100 mL and 1000 mL water 
samples to the final volume of 10 mL was used. As the determination based on 
electrochemical reduction was more sensitive than oxidation, conditions were optimised 
for the reductive mode and this mode was used after preconcentration by SPE. Lichrolut 
EN cartridges containing polymeric sorbent (based on ethylvinylbenzene-divinylbenzene 
copolymer) with large specific surface and the adsorption capacity for polar organic 
substances were used. Recovery of NPs using SPE was calculated from the ratio of the 
peak height of the substance after SPE and peak height of the standard solution at 
concentration corresponding to expected concentration after extraction. Passing 1000 mL 
river water through the SPE column was not successful because of the decrease of the 
sample flow rate (the flow rate for sucking 100 mL sample was 100 mL per hour), and 
therefore unacceptable prolongation of analysis time, so the LOQs of river water samples 
are ten times higher than LOQs of the deionized and drinking water samples due to lower 
preconcentration factor. The LOQs of 2NP, 4NP, and 2,4DNP in deionized water samples 
were 0.02, 0.03, and 0.02 μmol.L−1with recovery 99, 81 and 81 %, 0.02, 0.04, and 
0.02 μmol.L−1 in drinking water samples with recovery 99, 75 and 80 %, and 0.2 μmol.L−1 
(for all NPs) with recovery 99, 80 and 82 % in river water samples. 
 
4.4 The Use of Boron-Doped Diamond Film Electrode for the 
Determination of Selected Nitrophenols by HPLC with 
Amperometric Detection 
 The mechanical durability substantiates the popularity of BDD film electrodes in 
liquid flow methods including FIA-ED and HPLC-ED. The possibility to use BDD film 
electrodes for amperometric determination of trace amounts of NPs after their HPLC 
separation was investigated and results presented in the journal Analytical Letters 5.  
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 Firstly, the separation and detection conditions for HPLC-ED determination in 
reductive detection mode were optimized. As the voltammetric behaviour of NPs using 
BDD film electrode (using both electrochemical reduction and oxidation) was already 
investigated in our previous study 4 and the highest current response of NPs was obtained 
at pH 4.0 – 6.0, acetate buffer was chosen as aqueous part of mobile phase. Optimization 
of conditions for HPLC separation of 2NP, 4NP, and 2,4DNP included optimization of 
flow rate of mobile phase, pH of acetate buffer and content of organic modifier (methanol) 
in the mobile phase. Further, detection potential Edet was set at –1.2 V, where the 
hydrodynamic voltammograms of studied NPs reached out a plateau. The optimum 
separation was achieved in 0.05 mol.L−1 acetate buffer pH 4.7 – methanol (58:42,v/v) 
mobile phase at the flow rate of 1 mL.min−1. The capacity factors of 2,4DNP, 4NP, and 
2NP in this system were 0.88, 4.29, and 7.79, respectively and total separation time was 
12 min. 
 The reduction of NPs is problematic due to possible interference of 2,4DNP and/or 
4NP peak with the signal of oxygen. While the oxygen dissolved in the mobile phase 
causes higher and less stable background current, oxygen in aerated injected samples gives 
wide and relatively high peak characterized by capacity factor 1.71 – 2.12 depending on 
the pH of the aqueous part of mobile phase. Prevention of oxygen presence included 
10 min sonication and bubbling of the mobile phase by nitrogen before filling it to linear 
high-pressure pump, keeping of the wall-jet overflow vessel under nitrogen atmosphere, 
and deaeration of injected samples using 5 min bubbling by nitrogen prior to injection. 
Nevertheless, it was not possible to remove all oxygen, as obvious from frequent presence 
of oxygen peak, because the residual oxygen is present in the injected samples, where it 
penetrates during the manipulation prior to the manual injection into the HPLC system. 
Attempts to use automatic injection failed due to low reproducibility of signal of oxygen, 
which was in average substantially higher than using manual injection. It is caused by the 
autosampler, where the injection procedure requires washing steps and the injected zone of 
analyte is separated by microliter volumes of air. Thus, it is impossible to ensure complete 
or at least reproducible oxygen removal. Thus, manual injection is preferable in our HPLC 
setup and the indistinctive peak of the oxygen does not interfere with the peaks of NPs 
which are baseline separated, well-developed and sharp, as confirmed in previous studies 
35, 37, 211. 
 For electrochemical oxidation, the highest response current of NPs was obtained at 
pH 10.0 – 11.0 in batch voltammetric studies 4. However, basic media are not compatible 
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with silica-based columns and the optimization of pH of phosphate buffer revealed that the 
highest current response of NPs was obtained at pH 6.75. At higher pH values baseline 
drift was observed and at lower pH values undesirable prolongation of separation was 
observed. Relatively problematic was the detection of the firstly eluting 2,4DNP exhibiting 
lower peak currents than 2NP and 4NP. It was greatly influenced by the content of 
methanol in the mobile phase. Finally, 0.05 mol.L−1 phosphate buffer pH 6.75 – methanol 
(65:35, v/v) as mobile phase and detection potential +1.3 V, where the measured signals 
reached out a plateau at hydrodynamic voltammograms, were used as an optimum. The 
capacity factors of 2,4DNP, 4NP, and 2NP in this system were 0.89, 2.42, and 5.37, 
respectively, and the total separation time was 10 min. In contrast with the DPV 
measurement, the passivation of electrode’s surface during the detection of 2NP was not 
observed. The main reasons are most likely different pH of the support electrolyte and also 
smaller amount of the analyte in the contact with electrode’s surface, and most importantly 
the removal of the intermediate and product of the chemical oxidation by the flowing 
mobile phase. 
The optimized chromatographic conditions for both cathodic and anodic detection 
modes were successfully applied for the direct determination of 2NP, 4NP and 2,4DNP in 
model samples of drinking and river water in the concentration range from 2 to 
100 μmol.L−1. After filtration through glass fibre filter, the samples were directly injected 
into the HPLC column protected by a precolumn.  
For the amperometric detection based on reduction, the sensitivity of the direct 
determination in both drinking and river water is mostly comparable with the previous 
experiments carried out with deionized water. Amperometric detection based on oxidation 
exhibits comparable sensitivity for deionized and drinking water, but lower for the river 
water. Thus, reductive detection mode is preferable for this matrix as it is less affected by 
its complex composition. Furthermore, sensitivity using reductive determination is 
markedly higher for 2,4DNP than for the other NPs because of the presence of two nitro 
groups in its structure. Relatively low limits of detection (LODs) in the micromolar 
concentration range were achieved for all analytes, as is seen in the Table 4.1. The LODs 
were calculated as the concentration of the analyte, which gave a signal three times higher 
than the background noise (S/N = 3). In reductive detection mode, the LODs of 2NP, 4NP, 
and 2,4DNP were 1.2, 0.8, and 0.7 μmol.L−1 in deionized water samples, 1.5, 1.3, and 
0.7 μmol.L−1 in drinking water samples, and 1.8, 1.3, and 0.7 μmol.L−1 in river water 
samples. In oxidative detection mode, the LODs of 2NP, 4NP, and 2,4DNP were 1.0, 1.5, 
Chapter IV     Results and Discussion 
_________________________________________________________________________ 
 47 
and 0.6 μmol.L−1 in deionized water samples, 2.9, 2.5, and 1.5 μmol.L−1 in drinking water 
samples, and 3.5, 2.4, and 1.2 μmol.L−1 in river water samples. 
 Other electroanalytical methods based on connection of liquid flow techniques with 
amperometric detection offer similar detection limits as seen in the Table 3.2 in the 
Chapter III. The robustness of the method is documented by relatively low RSD, even for 
micromolar concentrations. At the micromolar concentration close to LODs the relative 
standard deviation (RSD) of peak height is mostly 6.0−10.0 %. For high concentration of 
NPs (c = 1×10−4 mol.L−1 of each analyte) it is mostly < 3.0 % for oxidative and < 6.0 % for 
the reductive detection mode. In the latter case, the higher values of RSD could be caused 
by peak height fluctuations as the result of traces of oxygen influencing background 
current. 
Thus, it can be concluded that BDD film electrode employed as amperometric 
sensors in wall-jet detector exhibited good electroanalytical performance with stable 
background current and sensitive, reproducible and stable responses for all tested NPs 
using both reductive and oxidative detection mode. Nevertheless, reductive determination 
is recommendable as it more efficiently eliminates possible negative matrix effects as 
recognized for river water samples. The method fulfils requirements on fast, reliable, 
sensitive, and relatively inexpensive determination of NPs. 
 
Table 4.1 





2NP DPV red, BR buffer pH 4 Redistilled 
water 
0.2−40 0.4 A 3 














 HPLC/AD red, wall-jet 
arrangement, 0.05 M 















 HPLC/AD ox, wall-jet 
arrangement, 0.05 M 
phosphate buffer pH 


















0.4−100 0.4 A 3 
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2,4DNP DPV red, BR buffer pH 4 Redistilled 
water 
0.2−100 0.4 A 
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0.8−100 0.8 A 
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 HPLC/AD red, wall-jet 
arrangement, 0.05 M 















 HPLC/AD ox, wall-jet 
arrangement, 0.05 M 
phosphate buffer pH 














A LOQ = 10σ/m where σ is the standard deviation of the signal measured for the lowest 
analyte concentration corresponding to calibration plot, m is slope of the analytical curve; 
BLOD for S/N = 3. 





The presented Ph.D. Thesis describes development of new electrochemical 
methods for the determination of nitrophenols (2NP, 4NP, and 2,4DNP) that are listed as 
the priority pollutants by US EPA, due to their negative impact on living organisms. 
Therefore, large scale monitoring of these environmental pollutants has become more and 
more important. This requires development of independent, sensitive and selective 
detection techniques and appropriate instrumentation. The methods presented in this Thesis 
are based on the technique of DPV and HPLC with amperometric detection employing 
BDD as the working electrode. 
A DPV method was developed for the determination of trace concentrations of 
2NP, 4NP, and 2,4DNP at BDD electrode using electrochemical reduction (2NP) and using 
both electrochemical reduction and oxidation (4NP, 2,4DNP). The method was 
successfully applied for the direct determination of these compounds in drinking and river 
water. To improve the limit of quantification and to increase selectivity, a preliminary 
separation and preconcentration by SPE was used.  
The possibility to employ BDD film electrodes for amperometric detection in wall-
jet arrangement in HPLC was verified by determination of 2NP, 4NP, and 2,4DNP based 
on both, electrochemical reduction and oxidation. Different separation conditions with 
respect to the detection mode were employed, nevertheless, in both cases baseline 
separation of NPs was achieved in max. 12 minutes. Relatively low limits of detection in 
the micromolar concentration range were achieved for all analytes. The applicability of the 
developed methods was demonstrated on the analysis of the model drinking and river 
water samples using their direct injection in the HPLC-ED setup. Comparable sensitivities 
and limits of detection were achieved for both detection modes.  
Thus, it can be concluded that BDD film electrode employed as voltammetric 
and/or amperometric sensor in wall-jet detector exhibits good electroanalytical 
performance with stable background current and sensitive, reproducible and stable 
responses for all tested NPs using both reductive and oxidative detection mode without 
problems with passivation of electrode surface, frequent problem of the electrochemical 
detection of phenolic compounds. These methods fulfil requirements on fast, reliable, 
sensitive, and relatively inexpensive determination of NPs. The obtained results confirm 
that both batch voltammetry and HPLC-ED with unmodified BDD electrode represent 
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reliable and sensitive analytical techniques for determination of NPs with limits of 
detection similar to other electrodes. 
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